INTRODUCTION
in an ingredient and thermal processing are those that have the most effect (Parsons et al., 1992; Douglas et al., 2000; de Coca-Sinova et al., 2008) . Protein digestibility of animal byproduct ingredients used in most poultry-producing countries also varies, in part because of the effects of thermal processing and the type of carcass components used in the process (Parsons et al., 1997; Wang and Parsons, 1998) .
Numerous studies of supplemental enzymes in broiler diets have been published in recent years. After phytase, more publications are found for enzyme blends, which many times contain proteases. Unfortunately, these data do not allow for the evaluation of the effects of any of their single-enzyme activities. Fewer studies have been conducted using single proteases in poultry diets. Whereas some data indicate inconsistent results (Simbaya et al., 1996; Marsman et al., 1997; Naveed et al., 1998) , other publications show improvements in broiler live performance as well as in energy and nitrogen utilization when proteases were added to diets (Ghazi et al., 2003) . Although many factors can affect enzyme activity, the conversion of the enzyme-substrate complex into measurable amounts of products does not occur without specificity between enzyme and substrate (Bhat and Hazlewood, 2001 ). Ghazi et al. (2002) compared effects of soybean meal treated before feed mixing with proteases from Aspergillus spp. with one from Bacillus spp. added during feed mixing and observed that the the first led to improvements in broiler performance, whereas the second had no effect. Proteases have also been found to affect mucus layer thickness in the GIT, apparently alleviating the effect of a coccidial infection, resulting in higher weights (Peek et al., 2009) .
Previous studies with a serine protease containing transcribed genes from Nocardiopsis prasina supplemented to broiler feeds have shown improvements in feed conversion ratio (FCR) as well as in apparent CP and AA digestibility Carvalho et al., 2009; Maiorka et al., 2009; Vieira et al., 2009) . The objective of this study was to evaluate the effects of this monocomponent serine protease included at graded concentrations in broiler feeds on live performance and apparent ileal CP and AA digestibility.
MATERIALS AND METHODS
All animal care procedures were approved by University of Delaware Agricultural Animal Care and Use Committee. A total of 252 straight-run Ross 708 broiler chickens (1 d old) were obtained from a local commercial hatchery and randomly assigned to one of 42 pens in battery brooders (Petersime, Zulte, Belgium; 6 birds/ pen) in an environmentally controlled room. The lighting was controlled to provide a photoperiod of 23L:1D. For the first 7 d of the study, birds were allowed ad libitum access to a common commercial starter diet (23% CP, 1% Ca, 0.5% nonphytate P) and water.
At 7 d of age, all chicks were weighed and allocated to pens of 5 chicks each. Pen weights were similar and within-pen bird-to-bird weight variation was minimized. Pen weights were recorded at the start (7 d of age) and end (22 d of age) of the trial. Dead birds were weighed and removed from the pens twice daily and dead weights were used to correct FCR.
Pens of chicks were randomly allocated to 6 dietary treatments with 7 replicates each. All diets were cornsoybean meal based. A positive control (PC) diet (22.5% CP) and a low protein basal (LPB) diet (20.5% CP) were formulated (Table 1 ) and mixed. One batch of LPB was mixed and used to compose all low protein (LP) diets at a concentration of 98.67%, providing nutrients at concentrations equivalent to those of the PC diet with the exception of CP and AA concentrations. All LP diets were formulated to contain 20.25% CP. An insoluble marker (Celite, Celite Corp., Lompoc, CA) was added at a minimum concentration of 1.25% to all diets except the LPB diet. A protease was added at increasing concentrations (0, 7,500, 15,000, 30,000, and 60,000 PROT units/kg provided when the protease product was added at 0, 100, 200, 400, and 800 mg/ kg; LP0, LP100, LP200, LP400, and LP800, respectively) to the LP diet at the expense of Celite. The protease was added to the LP diets based on the guaranteed analysis (75,000 PROT units/g) of the commercial product. Enzyme preparations (Ronozyme ProAct CT ) were obtained from Novozymes A/S (Bagavaerd, Denmark).
The protease used in this study was a commercial enzyme produced by submerged fermentation of Bacillus licheniformis containing transcribed genes from Nocardiopsis prasina. Enzyme activity for this protease is measured in PROT units, with 1 unit defined as the amount of enzyme that releases 1 μmol of p-nitroaniline from 1 μM of substrate (Suc-Ala-Ala-Pro-Phe-pnitroaniline) per minute at pH 9.0 and 37°C.
Diet samples were collected and sent in blind duplicates to the enzyme manufacturer for protease analysis. Protease activity was determined using the method described by DelMar et al. (1979) . All diets were analyzed, in duplicate, for DM, CP, AA, calcium, and phosphorus (AOAC, 2000) . Formulated and analyzed nutrient contents of the diets are shown in Table 1 .
At 22 d of age, pen weights were determined and all birds within a pen were killed by cervical dislocation. Body weight gain (BWG), feed intake, and FCR were determined. Contents of the distal ileum (second half of the ileal content from the yolk stalk to the ileocecal junction) were gently expressed with double distilled water and collected by pen, frozen, freeze dried, ground to pass through a 0.5-mm screen, and stored at 4°C until analyzed. Ingredients were analyzed, in duplicate, for AA using HPLC-based methodology (Shimadzu Corp., Kyoto, Japan; White et al., 1986; Hagen et al., 1989) before feed formulation. Diets and ileal contents were analyzed in duplicate for DM, nitrogen with a combustion N analyzer (Leco Corp., St. Joseph, MI; methods 982.30a, 990.03, and 992.23; AOAC, 2000) , acid insoluble ash (Scott and Boldaji, 1997) , and AA as specified for ingredients.
One-way ANOVA was used to analyze the data and regression analysis was performed on protease level in the LP diets using JMP software (SAS Institute, 2006) . When the effects were found to be significant, treatment means were separated using Tukey's HSD test (Tukey, 1991) . Significance was accepted at P ≤ 0.05.
RESULTS AND DISCUSSION
Formulated and analyzed nutrient concentrations were similar (Table 1 ) and analyzed protease activities in diets were close to formulated, except in the LP800 diet, which was formulated to contain 60,000 PROT units/kg but analyzed higher at 76,842 PROT units/kg (Table 2 ). The analyzed CP in the PC diet was 23.0%, whereas the CP in the LPB diet analyzed at 21.04%. The LPB diet comprised 98.67% of all the LP diets and the resulting CP content of these final LP diets was 20.25% as formulated and analyzed at 20. 66, 20.60, 20.70, 20.63, and 20 .66% for the LP0, LP100, LP200, LP400, and LP800 diets, respectively.
Performance was affected by diet (Table 2) . Broilers fed the PC diet gained 7.5% more weight than those fed the negative control (LP0) diet. Addition of protease, regardless of concentration, produced BWG similar to that of the PC diet. Impairment in FCR was observed in birds fed the LP0 or the LP100 diets compared with those fed the PC diet. Yet when the protease was added at inclusion levels of 200 to 800 mg/kg, FCR was ameliorated such that no difference existed between the FCR of birds fed the PC diet and those fed the LP200, LP400, or LP800 diets. Effects of exogenous proteases added to poultry diets on live performance are frequently inconsistent. Differences in the type of proteases tested, as well as in experimental design, specifically the negative control diet nutrients and the use of enzyme complexes rather than monocomponent enzyme preparations, can partially explain the conflicting and highly variable results reported (McNab et al., 1996; Marsman et al., 1997; Zanella et al., 1999; Ghazi et al., 2002; Pinheiro et al., 2004; Olukosi et al., 2007; Cowieson and Ravindran, 2008; Walk et al., 2011) . When several enzymes are tested together the effect of the enzyme preparation cannot always be attributed to the addition of a specific enzyme. In the present study, the negative control diet (LP) was by analysis 10% lower in CP and Lys, 12% lower in TSAA, and 11% lower in Thr than the PC diet; this resulted in a 7% decrease in BWG and a 7% impairment in FCR. Addition of the protease at concentrations of 200 mg/kg and greater completely compensated for these performance losses, resulting in BWG and FCR that were not different from those of the birds fed the PC diets. Others have reported improvements in BWG when single proteases were tested. Ghazi et al. (2003) tested 3 monocomponent proteases, 1 from Bacillus subtilis (active at neutral to alkaline pH) and 2 from Aspergillus niger (active at neutral to acid pH). Activities of these proteases were, respectively, 92,000, 36,000, and 33,000 mg of α-amino groups formed (expressed as Leu equivalents)/min per gram of product. These researchers reported improvements in TME and true nitrogen digestibility when using both proteases from A. niger but no effect for protease from B. subtilis. On the other hand, Walk et al. (2011) reported no effect on broiler performance with the addition of a protease extracted from B. subtilis; however, in this study the enzyme was added to a summit diet, which may account for the lack of performance effect.
Regression analysis of graded protease supplementation on performance and AA digestibility showed no significant linear or quadratic effects. Improvements in apparent CP digestibility of the protease-supplemented diets were observed when compared with the PC or LP0 diets (Table 3) . These effects were similar for all concentrations of protease supplementation. The lowest apparent CP digestibility was observed in birds fed the PC and LP0 diets. When compared with the LP0 diet, addition of the protease at any concentration increased apparent digestibility of Arg, Ile, Lys, Thr, His, Asp, Cys, and Ser. For these AA, the PC diet had apparent digestibilities, which were not different from the LP0 diet; therefore, both were the lowest among all treatments. The protease also increased apparent Met digestibility, but this improvement was significant only when the enzyme was added at 30,000 PROT units/kg of diet or greater (LP400 and LP800 diets). Apparent Val digestibility was increased only when the protease was added at concentrations of 15,000 and 60,000 PROT units/kg (LP200 and LP800 diets) compared with the apparent Val digestibility in broilers fed the LP0 diet. No diet effect on the apparent digestibility of Leu, Phe, Ala, Glu, Tyr, Pro, or Gly was observed. Freitas et al. (2011) used the same protease as the one added in the present study to conduct 2 trials: in the first trial, a graded inclusion of protease led to a quadratic response in FCR but without effects on BWG; in the second trial, diets with high and low protein as well as high and low energy also benefitted FCR when 15,000 PROT units (200 mg/kg) of protease was used regardless of the dietary energy and protein level. In the study of Freitas et al. (2011), live performance ef- The positive control (PC) and low protein (LP) diets had 22.50 and 20.52% formulated CP, respectively. Reductions in essential amino acids in LP diets were proportional to those in CP. LP0 = 0 mg of protease/kg; LP100 = 100 mg of protease/kg; LP200 = 200 mg of protease/kg; LP400 = 400 mg of protease/kg; LP800 = 800 mg of protease/kg.
3 Ronozyme ProAct enzyme preparations were obtained from Novozymes A/S (Bagavaerd, Denmark; 75,000 PROT units/g of enzyme). Enzyme activity for this protease is measured in PROT units, with 1 unit defined as the amount of enzyme that releases 1 μmol of p-nitroaniline from 1 μM of substrate (Suc-Ala-Ala-Pro-Phe-pnitroaniline) per minute at pH 9.0 and 37°C.
4 LOD = limit of detection. 5 From an ANOVA with all treatments.
fects attributed to protease addition occurred in parallel with increases in the digestibilities of protein and fat. Improvements in BWG and FCR with the addition of proteases in any study are expected to occur through increased AA availability that can promote further growth and protein utilization. In the current study, the majority of the essential AA had increased digestibility when diets were supplemented with protease and thus could support the benefits observed in BWG and FCR. The positive effect of the protease on AA digestibility occurred starting at the minimum dose used; however, the degree of the improvement was dependent on the specific AA, and in most cases significance was seen only starting at 15,000 PROT units/kg (LP200). The least-affected AA was Ile at 3.2% (P > 0.005), whereas the most-affected AA was Thr at 7.8% (P < 0.005). To be successful, any enzyme has to build an effective enzyme-substrate complex, which releases its products after the reaction (Bhat and Hazlewood, 2001 ). In the case of endogenous proteases, peptide bond specificity directly affects the rate of protein hydrolysis and the quantity of peptides and AA released and made available for absorption (Moran, 1982) . Improvements in diet AA digestibility derived from any exogenous proteases are also dependent on the protein ingredients used in feed formulation because AA composition is ingredient dependent. To our knowledge, the peptide bond affinities of the serine protease used in this study have not yet been established.
Comparing the results of the current study with those of other published works in which monocomponent proteases were used is somewhat difficult, in part because of the lack of broader information on protease characteristics, including their activities in papers published. Bertechini et al. (2009) reported increased true AA digestibility for soybean meal and Carvalho et al. (2009) reported increased true AA digestibility for corn, in the presence or absence of a monocomponent protease. The magnitude in the improvements they reported in AA digestibilities and the AA in which significant improvements were found were similar to those seen in the current trial. These researchers used the same monocomponent protease as that used in the present experiment.
The monocomponent protease used in this trial, at concentrations of 200 mg/kg and greater, increased specific AA digestibilities, allowing the animals to overcome the negative effect on BWG and FCR that resulted from a 10% reduction, by analysis, in diet CP, Lys, TSAA, and Thr and a 15% reduction in Met. 2 The positive control (PC) and low protein (LP) diets had 22.50 and 20.52% formulated CP, respectively. Reductions in essential amino acids in LP diets were proportional to those in CP. LP0 = 0 mg of protease/kg; LP100 = 100 mg of protease/kg; LP200 = 200 mg of protease/kg; LP400 = 400 mg of protease/kg; LP800 = 800 mg of protease/kg. Formulated (analyzed) protease (PROT units/kg) was as follows: PC, 0 (<LOD); LP0, 0 (<LOD); LP100, 7,500 (6,929); LP200, 15,000 (16,374); LP400, 30,000 (33,996); LP800, 60,000 (76,842). LOD = limit of detection.
3 Ronozyme ProAct enzyme preparations were obtained from Novozymes A/S (Bagavaerd, Denmark; 75,000 PROT units/g of enzyme). Enzyme activity for this protease is measured in PROT units, with 1 unit defined as the amount of enzyme that releases 1 μmol of p-nitroaniline from 1 μM of substrate (Suc-Ala-Ala-Pro-Phe-p-nitroaniline) per minute at pH 9.0 and 37°C. 4 Values are means of duplicate analyses from 1 pooled sample/replicate. 5 From an ANOVA with all treatments.
